Abstract-Millimeter-wave (mmWave) and sub-Terahertz (THz) communications are compelling as an enabler for nextgeneration wireless networks. In this paper, we study mmWave and sub-THz systems with array-of-subarray architecture. To accommodate the ultrabroad bandwidth in the mmWave and sub-THz bands, time-delay phase shifters are introduced in system design. Our goal is to investigate beamforming training with hybrid processing to extract the dominant channel information, which would fully exploit channel characteristics while respecting the nature of circuit hardware. In particular, codebooks based on time-delay phase shifters are defined and structured. Then, two multi-resolution time-delay codebooks are designed through subarray coordination. One is built on adaptation of physical beam directions, and the other relies on dynamic approximation of beam patterns. Also, a low-complexity system implementation with modifications on the time-delay codebooks is studied. Furthermore, based on the proposed codebooks, a hierarchical beamforming training strategy with reduced overhead is developed to enable simultaneous training for multiple users. Simulation results show that the proposed multi-resolution time-delay codebooks could provide sufficient beam gains and are robust over large bandwidth. Also, the effectiveness of the hierarchical beamforming training is verified.
Although mmWave and sub-THz communications can benefit from an order-of-magnitude increase in the bandwidth, it comes at the price of suffering much more severe path loss. Specifically, mmWave and sub-THz signals experience extra atmospheric attenuation in addition to serious reflection and scattering loss. As a result, mmWave and sub-THz communications are mainly line-of-sight (LOS) dominant with non-LOS (NLOS) assisted. Thanks to the very short wavelength, a large number of antennas can be tightly packed into a small form factor to compensate for the channel attenuation and bridge the gap of link budget. However, as circuit and hardware complexity scales with frequency, conventional design with one dedicated radio frequency (RF) chain for one antenna is prohibitive due to an unacceptable cost. Consequently, systems with a limited number of RF chains are adopted. Two hybrid structures, the fully-connected structure and the array-of-subarray structure, have been developed [3] , [8] [9] [10] [11] . On one hand, the fully-connected structure, for which the entire antenna array is shared among different RF chains, is inefficient and impractical for circuit implementation of large-scale antenna systems due to its high insertion loss and limited feeding ability [7] , [11] . On the other hand, the arrayof-subarray structure, for which each RF chain is only connected to a disjoint subset of antennas, has a great advantage in both circuit configuration and system performance [9] [10] [11] . As a result, it is more suitable and preferred to deploy the array-of-subarray structure for practical mmWave and sub-THz systems.
Apart from high-complexity hardware, the ultra-broad bandwidth of the mmWave and sub-THz bands also has a great impact on both narrowband and wideband system design. In specific, conventional circuit components, such as pure phase shifters, will face many new challenges. For one thing, the phase shifters will be not accurate enough for signals with wide bandwidth since the shifted phase designed for one specific frequency may vary significantly for another frequency. For another, constant phase shifts across a wide range of frequencies will lead to beam squint [3] , [7] , i.e., variable beam directions with frequencies, which will significantly degrade system performance. To overcome these deficiencies, timedelay lines [12] , i.e., time-delay phase shifters, are adopted in circuit design [7] , [9] [10] [11] , for which the shifted phase will vary with frequencies based on the signal traveling time. In particular, true time delays (TTD) can be implemented by either electronics [13] , [14] or photonics [15] in the mmWave and sub-THz bands, and the associated power consumption, 20-80 mW for different time-resolutions [16] , [17] , 0733 -8716 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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is comparable to pure phase shifters. More importantly, recent advances on TTD have greatly reduced the circuit size and improved the accuracy [16] , [17] , which facilitates the practical implementation. Therefore, adjustment on communication strategies is needed to capture this feature of hardware. Beamforming training is critical for link establishment in higher frequency bands [18] , [19] and has been extensively investigated for mmWave communications [20] [21] [22] [23] [24] . Different beamforming training strategies by using different codebooks have been studied for phased-array systems in [20] [21] [22] . Compressive-sensing based channel estimation via beamforming training has been proposed for fully-connected arrays in [23] . A low-complexity subset RF beam searching method has been designed for subarray systems in [24] . On the contrary, the research for sub-THz communications is still limited and most existing works consider the array-of-subarray structure [9] [10] [11] . Indoor THz communications for the singleuser situation have been studied in [9] . An adaptive beamforming scheme for distance-aware multiuser THz communications has been developed in [10] . Moreover, spectral and energy efficiency of the array-of-subarray structure for multiuser subTHz communications has been investigated in [11] . However, the design for beamforming training with the array-of-subarray structure is still an open problem.
In this paper, we focus on the higher-mmWave and subTHz bands, i.e., over 60 GHz. Specifically, mmWave and subTHz systems with array-of-subarray architecture are studied. Our goal is to find an appropriate beamforming training strategy to extract the dominant channel information. The main contributions and results of this paper are summarized as follows:
• We introduce time-delay phase shifters for mmWave and sub-THz systems to improve robustness across large bandwidth. Then, by capturing the nature of the timedelay phase shifters, we define the time-delay codebook structure for the system. Moreover, a time-delay set is constructed for codebook design.
• We propose two multi-resolution time-delay codebooks with subarray coordination and hybrid processing. In particular, based on the time-delay set, one codebook is obtained through physical beam adaptation among different subarrays, and the other is achieved by dynamic approximation of the expected beam pattern.
• We present a low-complexity system implementation to simplify circuit design of large-dimension time-delay lines. Then, the two time-delay codebooks are modified to accommodate the architecture of the low-complexity system.
• We develop a hierarchical beamforming training strategy with the multi-resolution time-delay codebooks, which enables simultaneous searching for multiple users to obtain the optimal individual beam pairs. Specifically, a threshold for received signal power is introduced to reduce the number of scanned codewords as well as the training overhead.
The rest of this paper is organized as follows. Section II presents mmWave and sub-THz communication systems and introduces the associated channels. In Section III, we propose two multi-resolution time-delay codebooks with beam adaptation and dynamic approximation. A low-complexity system implementation is designed in Section IV. Then, a hierarchical beamforming training strategy is developed in Section V. Simulation results are provided in Section VI to evaluate the effectiveness of the proposed codebooks and beamforming training strategy. Finally, we conclude the paper in Section VII.
We use the following notations throughout the paper. A is a matrix, a is a vector, a is a scalar, and A is a set. 
II. SYSTEM OVERVIEW
In this section, we will provide an overview of the mmWave and sub-THz system and the channel model. Fig. 1 demonstrates an indoor mmWave and sub-THz system, consisting of an access point (AP) with K N tightlypacked antennas but only K RF chains. Specifically, an RF chain exclusively drives a disjoint subset of antennas via a group of time-delay phase shifters, constituting an N-element subarray. At baseband, digital processing is implemented for signal control and power allocation among subarrays. At the user side, 1 due to the hardware and processing-capability limitation, only one RF chain and an M-element array are equipped. Different from [9] and [10] , antennas in the system are equally spaced and the antenna spacing is denoted as r . 2 For the mmWave and sub-THz system in Fig. 1 , the received signal at the user side is given by
A. System Model
where s is the transmitted training or data symbol such that E[|s| 2 ] = P s with P s being the transmit power. H is the M ×K N mmWave or sub-THz channel matrix between the AP and the user. W is the K N × K transmit analog beamforming matrix implemented by the phase shifters, which can be expressed as
with 
B. Channel Model
Indoor mmWave and sub-THz channels generally consist of one LOS path and several NLOS paths, which can be expressed as [8] [9] [10] [11] 
where n N L is the number of the NLOS rays, α is the complex gain of the ray component, and a(·) represents the array steering vector. Specifically, for an N-element uniform linear array (ULA), the array steering vector is given by
where n is the index of antennas with 1 ≤ n ≤ N, λ is the carrier wavelength, and φ denotes the physical angle of departure or arrival (AoD/AoA). Particularly, in the higher-mmWave and sub-THz bands, extra atmospheric attenuation exists in addition to free-space attenuation, which mainly comes from the absorption by water vapor molecules [30] , [31] . Thus, the path loss turns out to be much more severe. In specific, the LOS path loss accounting for the molecular absorption is given by
where f is the carrier frequency, c is the speed of light, d is the communication distance, and k abs is the frequencydependent medium absorption coefficient. Furthermore, due to the decrease in the wavelength of the mmWave and subTHz signals, reflection and scattering losses become much larger compared with their lower-frequency counterparts. As a result, for NLOS paths, only up to second order reflections need to be considered [27] , which can be calculated as 3 Since w k 2 = 1 for k = 1, 2, . . . , K , this power constraint is equivalent to f 2 = 1.
in [10] , [28] , and [31] . 4 Therefore, the higher-mmWave and sub-THz channels have fewer paths and are sparser in the angular domain. More pivotally, the gap between the LOS and the NLOS path gains is more significant. Specifically, compared with the LOS path, the path gain of the first-order reflection is attenuated by 5-10 dB on average and the secondorder reflection by more than 15 dB [27] . Consequently, communications over the higher-mmWave and sub-THz bands are LOS-dominant with NLOS-assisted, which means power should be mainly focused on the LOS path and a few strongest NLOS paths.
C. Problem Description
For the mmWave and sub-THz system in Fig. 1 , the basic component becomes a subarray rather than an antenna. Then, signal processing is conducted on a subarray basis. With the digital baseband, subarrays can cooperate to further harvest the beamforming gain as well as the spatial diversity gain. Thanks to the subarray-based hybrid structure and the LOS-dominant channels, only the dominant channel information is required for transmission design, which can be obtained through beamforming training and scanning. Therefore, in this paper, we aim to design effective beamforming training strategies with the array-of-subarray structure, which should not only exploit the gain provided by the subarrays but also capture the nature of circuit hardware.
III. TIME-DELAY CODEBOOK DESIGN WITH SUBARRAY COORDINATION
For mmWave and sub-THz communications, beamforming training is usually accomplished through signal switching using beamforming codebooks [20] [21] [22] [23] . Accordingly, by considering the nature of time-delay phase shifters and the subarray-based hybrid structure, we will design a time-delay codebook with subarray coordination in this section.
A. Time-Delay Codebook Structure
We will first introduce the basic structure of the time-delay codebook based on the time-delay phase shifters. For a time delay t, the shifted phase, ϕ, is given by
] is the corresponding physical angle. According to (6) , the shifted phase with respect to the true time delay varies over frequencies but associates with a common physical angle [7] , [10] . As a result, the time delay has a one-to-one matching with the physical angle regardless of the bandwidth, 5 which means the time-delay codebook can also be defined by the physical angle. Therefore, the codebook can be constructed based on the time-related physical angle, which is given by t (φ) = r c sinφ. As time-delay lines are usually 4 Note that the diffuse scattering and diffraction are neglected since they have insignificant contributions to the higher-mmWave and sub-THz channels [29] . 5 Note that, for the physical angle in [−π, − π 2 ) and ( π 2 , π), equivalent codewords can be found in the time-delay codebook.
implemented by digitally-controlled integrated gates [12] , only a limited number of time delays and corresponding angles are available, which can be denoted by a time-delay set t . It should be noted that, different from the quantized phase set defined by conventional finite-bit phase shifters, the time-delay set has more freedom in designing time delays. Consequently, it can have either regular or irregular time-related phases with any form. In this paper, we assume the time-delay set, t , has n replica of the time for a specific time-related angle, where 1 ≤ n ≤ N − 1. That is to say, nt (φ) ∈ t , for any t (φ) ∈ t and 1 ≤ n ≤ N − 1. It is worth mentioning that, the time delays associated with the same time-related angle match the structure of the subarray steering vector in (4) .
For the mmWave and sub-THz system, a multi-resolution codebook will be developed to reduce the training overhead as in [21] [22] [23] . In particular, for a U -level time-delay codebook, we denote q u,i = W u,i f u,i as the i -th codeword in the u-th level, u,i as the angular coverage of codeword q u,i , and I u as the number of the codewords in the u-th level. In general, the codewords in each level are uniformly designed to cover the whole angular space, i.e.,
and
Ideally, each codeword should provide a constant beamforming gain over its angular coverage, which can be expressed as
where C u is expected beam gain. In addition, the angular coverage of an arbitrary codeword in a level should cover the spatial ranges of several codewords in the next level, namely,
where a is the number of corresponding codewords in the subsequent level and satisfies
Compared with the conventional codebooks in [21] [22] [23] , which are based on equally-spaced spatial frequency ϕ in [−π, π), the proposed time-delay codebook is directly built on physical angles, for which the associated spatial frequencies are not evenly divided and have different ranges for different frequencies within the bandwidth.
B. Multi-Resolution Codebook Design
Given the time-delay codebook structure, in this subsection, we will focus on the multi-resolution codeboook design based on the time delay set. Specifically, for any codeword q, we denote
1) Codebook With Beam Adaptation:
We will first design the codebook based on physical beam directions of subarrays. For the array-of-subarray structure, the beam generated by the AP with hybrid beamforming is given by
where
2πr λ sin φ is the array factor of subarray k. From (11), the effective beam pattern of the entire antenna array is a combination of the beams generated by subarrays. As the digital baseband offers extra degree of freedom along with the analog beamforming gain, subarrays can be leveraged for joint design. For example, if
, the whole antenna array will form a beam at broadside, offering K times beam gain with narrow beamwidth compared to the beam generated by one subarray only. If
and f has the form of the matched filter,
2πr λ sin φ 0 , the resulting beam will achieve K times beam gain at physical direction φ 0 and the beamwidth will be broadened compared to the original beam generated by one subarray. Therefore, with proper design of W and f, beams can be adjusted and refined through subarray coordination.
Since the time-delay codebook has unequally-spaced spatial frequency, dynamic subarray coordination and hybrid processing will be exploited for beam adaptation. For an N-element subarray with half-wavelength antenna spacing, the half-power beamwidth,
1.772π
N , corresponds to 1.772 N cos φ at direction φ in the angular space [33] . To cover the desired angular range of u,i , the required number of subarrays is roughly given by
where φ 
then, the associated physical beamforming direction for the z-th subarray can be obtained from the time-delay set, where the time-related angle satisfieŝ
Accordingly, an N Z u,i × 1 analog beamforming vector for the Z u,i subarrays can be designed with the form of array steering vector as 6
Furthermore, every Z u,i consecutive subarrays are combined to virtually generate
same basic beam patterns for beam enhancement [32] , which can be expressed as
Then, the associated analog beamforming of the i -th codeword in the u-th level, W u,i , can be obtained through the diagonalization of the first K N elements ofw u,i as
To design the digital beamforming, f u,i , we consider the quantized method as in [23] to evaluate the whole angular space. Hence, according to (9) , f u,i should satisfy
where 
In particular, we denoteÃ u,i A * D W u,i . Thus, the approximate solution of f u,i in (18) can be obtained by pseudoinverse as
withf
Then, the codebook can be obtained as q u,i = W u,i f u,i . In brief, the time-delay codebook generation with beam adaptation is outlined in Algorithm 1. It should be noted that the approximate solution of W u,i in (17) and f u,i in (20) does not provide the exact codebook given in (9) . Thus, the resulting beam gains of different codewords may be different, which can be denoted by C u,i = 1 f u,i 2 . Also, the beam gain of a codeword may not be uniform over the desired angular range. 6 Note that all the corresponding time delays of the array steering vectors are in the time-delay set, t , as mentioned in the previous subsection. Obtain the required number of subarrays, Z u,i , as in (12) for establishing the basic beam pattern. 6: Search the time-delay set, t , to find the best corresponding beamforming directions for the Z u,i subarrays as in (14) . 7: Obtain the analog beamforming matrix, W u,i , through beam enhancement as in (17) . 8: Obtain the digital beamforming vector, f u,i , as in (20) . To further exploit the cooperation among subarrays, we will seek the codebook design with dynamic approximation. In particular, from (18), the expected i -th codeword in the u-th level can be expressed as
Accordingly, we aim to find the codeword, q u,i = W u,i f u,i , so that
Specifically, for any codeword q,
Thus, the optimization problem (23) is equivalent to
namely, Obtain the expected codeword,q u,i , as in (29) . 6: Search the time-delay set, t , to find the best time delays for the entire antenna array and obtain the analog beamforming matrix, W u,i as in (29) . 7: Obtain the digital beamforming, f u,i , as in (27) . 8: Obtain the time-delay codebook as q u,i = W u,i f u,i . 9: end for 10: end for With regard to (26) , the optimal digital beamforming should satisfy f = f f (27) with
To obtain the analog beamforming matrix, W , the associated true time delays should be selected from the time-delay set, t , such that
with τ (x) being the associated time delay of x that can be calculated from the time-related angle in (6) as
In (31), (·) denotes the associated phase. It is noteworthy that, for dynamic approximation, the selected time delays from the time-delay set may not have same time-related angles. In specific, the codebook generation with dynamic approximation is summarized in Algorithm 2. In summary, the proposed time-delay codebooks with subarray coordination take full advantage of the antennas in the mmWave and sub-THz system so that no subarray is idle. Thus, the whole antenna gain is exploited and the beam gain could be effectively increased. Compared with random spatial sampling based on compressive sensing, where training signals may be corrupted in noise due to significant power dissipation over mmWave or sub-THz channels, more energy can be focused on specific directions using the proposed codebooks for beamforming training. Then, the effectiveness of channel measurements will be improved, especially in low signal-tonoise-ratio (SNR) conditions. 
IV. LOW-COMPLEXITY IMPLEMENTATION
For the mmWave and sub-THz system in Fig. 1 , the timedelay phase shifters scale with the antennas. As performing large-dimension true time delays may pose an extra burden on circuit size and the associated design [13] , we consider a low-complexity implementation in this section.
A. Low-Complexity System Implementation
To reduce the number of time-delay phase shifters used in the mmWave and sub-THz system, a low-complexity system implementation is given in Fig. 2 . In particular, for each subarray, a group of conventional pure phase shifters are equipped, which are assumed to have a constant phase shift across the large bandwidth. 7 Distinctively, a time-delay phase shifter is inserted in the signal path between the RF chain and the subarray. Thus, the shared time-delay phase shifter of a subarray can partially compensate for the frequency-dependent phase deviation over the large bandwidth. Since the timedelay components are greatly reduced, the system in Fig. 2 could help to effectively reduce the circuit size and provide a performance-and-complexity tradeoff. Similar structures can also be implemented at the user side by deploying one shared time-delay phase shifter. Specifically, the pure phase shifters are assumed to have B-bit quantized phases, i.e., = {θ |θ = 
B. Modification on Time-Delay Codebooks
Given the low-complexity system implementation in Fig. 2 , modifications on the time-delay codebooks are needed for beamforming training. Specifically, for any codeword q in the low-complexity system, we denote t k (φ) as the true time delay
T as the shifted phases of the pure phase shifters for the k-th subarray.
1) Modification for Codebook With Beam Adaptation:
To minimize the shifted phases of the pure phase shifters and ensure sufficient time delays, the true time delays of the timedelay phase shifters should be designed first. In regard to the analog beamforming of the codebook with beam adaptation, the true time delay of the k-th subarray in the low-complexity system, t k (φ), can be obtained by averaging the associated time delays given in (17) over the entire subarray, i.e.,
Then,w k can be selected from the quantized phase set, , so that
namely,
Accordingly, with w k =w k e j 2π c λ t k (φ) , the digital beamforming, f , can be constructed as (20) .
2) Modification for Codebook With Dynamic Approximation:
Similarly, for the time-delay codebook with dynamic approximation in the low-complexity system, the true time delay of the k-th subarray for any codeword q can be estimated by
whereq k is defined in (29) . Consequently,w k can be designed as
i.e.,
, the digital beamforming, f , can be obtained as (27) .
In summary, for the low-complexity system implementation in Fig. 2 , part of the time-delay phase shifters are replaced by pure phase shifters. As a result, the number of time-delay phase shifters is greatly reduced, which would simplify circuit design. However, as the pure phase shifters cannot effectively support beamforming over large bandwidth, the robustness of the modified time-delay codebooks will be degraded.
V. HIERARCHICAL BEAMFORMING TRAINING
Given the multi-resolution time-delay codebooks, in this section, we will develop a hierarchical beamforming training strategy to extract the dominant information of mmWave and sub-THz channels for multiple users. In order to reduce the overhead of one-by-one training, which grows with the number of users, simultaneous training will be designed. Without loss of generality, we assume J users are scheduled for concurrent beamforming training. Since the antenna number of any user j is much smaller than that of the AP, a general beamsteering codebook with only one level is assumed to be used, where the number of the codewords is equivalent to the number of antennas, M j .
For beamforming training using the i -th codeword in the u-th level at the AP, the received signal at user j with the m j -th codeword can be expressed as
Then, the multiuser hierarchical beamforming training strategy can be developed based on the normalized received signal power, i.e., . 8 In particular, the beamforming training is divided into two stages, an initial setup stage and a hierarchial searching stage.
1) Initial Setup Stage:
The initial setup stage is analogous to the sector level sweeping (SLS) procedure in IEEE 802.11ad [18] . However, different from the SLS in IEEE 802.11ad, omni-directional beam cannot be used at initial setup since it hardly provides sufficient gain to compensate for the severe path loss in the higher-mmWave and subTHz bands. Consequently, the first level of the codebook should have several codewords associated with different spatial sectors and scanning for initial setup should be carried out at both the AP and the users. As defined in IEEE 802.11ad, the AP has fixed sweeping time for each sector, within which all users should concurrently perform individual codebook scanning based on the broadcasted signal. Normally, the training is accomplished by exhaustive search and each codeword is assigned equal scanning time by the user. As a result, to finish one round of searching, each codeword has limited scanning time, which may influence the accuracy of the received signal. Considering the sparse nature and the LOS-dominant characteristics of the mmWave and sub-THz channels, the training strategy at the user side can be improved by reducing the number of scanned codewords for a transmit sector. Specifically, we define a threshold for the received signal measurement at user j as
where ρ is a scale factor. 9 For a transmit sector sweeping at the AP, if the normalized received signal power of some codewords at user j exceeds the threshold, j , only these codewords will be scanned for the next transmit sector. Otherwise, if no normalized received signal power exceeds the threshold, all the scanned codewords for current sector will be tested for the next transmit sector. After one round of transmit sector sweeping, the beam pair with the maximal normalized received signal power will be selected.
2) Hierarchical Searching Stage:
Given the candidate beam information from all users, the AP selects the corresponding codewords in the subsequent level of the codebook for hierarchical searching, which is similar to the beam refinement procedure (BRP) in IEEE 802.11ad [18] . In this stage, by fixing (Initial setup stage) 7: for i = 1 : I 1 do 8: All users simultaneously scan individual codebook, V j , to obtain y
if M i+1, j = ∅ then 12: Update M i+1, j = M i, j .
13:
end if 14: end if 15: end for 16: Obtain the candidate beam pair for user j as 
the best received beamforming codewords at the users, the chosen transmit codewords obtained from the previous training are tested for all users step by step. Finally, the best transmit and receive codewords associated with the the dominant path will be achieved for all users. The overall multiuser hierarchical beamforming training is summarized in Algorithm 3. Specifically, an example of twouser hierarchical beamforming training is shown in Fig. 3 . As shown in Fig. 3(a) , in the initial setup stage, user 1 and user 2 simultaneously scan their individual codebooks during the sector-2 sweeping of the AP. The normalized received signal power of codewords 4 and 5 for user 1 exceeds the threshold while no codeword satisfies the criterion for user 2. Then, during the sector-3 sweeping of the AP, user 1 only scans codewords 4 and 5 while user 2 keeps scanning all the codewords. The training continues until all the sectors of the AP are scanned and codewords 5 and 3 are selected for users 1 and 2, respectively, where the corresponding sectors of the AP are sectors 2 and 3. In the hierarchical searching stage shown in Fig. 3(b) , users 1 and 2 adopt the codewords obtained from the initial setup stage and the AP searches the subsequent level of the codebook, i.e., sectors 3-6 in Fig. 3(b) . Finally, the training process ends with the best transmit sectors 3 and 5 are found for users 1 and 2, respectively.
In general, the total number of the scanned codewords for any user j in the initial setup stage is
smaller than that of the exhaustive search, I 1 M j . Thus, the effective scanning time of each codeword will be increased, which will help improve the scanning accuracy. Furthermore, compared with the conventional one-by-one independent training, whose time requirement is J I 1 T S L S + a J (U − 1)T B R P with T S L S being the corresponding SLS frame time for one transmit sector and T B R P being the BRP frame time, 10 the multiuser simultaneous beamforming training, with at most I 1 T S L S + a J (U − 1)T B R P time complexity, could efficiently reduce the measurement overhead.
VI. SIMULATION RESULTS
In this section, simulation results are provided to evaluate the performance of the hierarchical beamforming training with the multi-resolution time-delay codebooks for the mmWave and sub-THz system.
An indoor mmWave and sub-THz system with three users is considered, where the operating frequency is 0.1 THz, i.e, 100 GHz. For simplicity, we assume there exist three firstorder reflected rays and four second-order reflection components in our simulation as [8] , [11] . Specifically, for the mmWave and sub-THz system, the number of RF chains is set as K = 8, the antenna elements in each subarray are N = 8, and the number of antennas for different users is set as the same with M = 8. The codebook levels are set as U = 4, the number of the first-level codewords is set to be I 1 = 8 as restricted by the subarray structure, and the number of the corresponding codewords in the subsequent level is set as a = 2. The time-delay set, t , is set to have uniform π 64 -spacing in time-related phases, and the pure phase shifters in the low-complexity implementation are set with B = 6. Moreover, the resolution of the over-complete dictionary is set as L = 256. The noise power, σ 2 j , is set as −75 dBm for all users.
As a benchmark, the codebook based on orthogonal matching pursuit (OMP) for the fully-connected structure in [23] is considered, where the pure phase shifters are used.
A. Beam Patterns of Time-Delay Codebooks
We will first study the beam patterns of the proposed timedelay codebooks. Fig. 4 demonstrates the beam patterns of the second-level codewords for different multi-resolution codebooks. We can observe from Fig. 4 that, the proposed time-delay codebooks can effectively cover the angular space and satisfy the criteria in (7) and (9) . However, there exist fluctuations for the codewords, and the beam gain becomes higher on endfire because the time-delay codebooks have unequally divided spatial frequencies and a smaller spatial frequency will lead to higher beam gain. Also, we can see that the codebook with dynamic approximation has more similar beam gain across the beam coverage of a codeword while the codebook with beam adaptation has a relatively higher peak beam gain of a codeword. More specifically, the codebook with OMP has the largest fluctuations in the beam gain of a codeword. In addition, the codebooks with low-complexity implementation only have minor variations compared with the original time-delay codebooks.
We compare the beam patterns of the codebooks at different frequencies in Fig. 5 . Specifically, the deviation frequency, 102 GHz, is considered, and the last-level codeword of the codebook with beam direction around 3π 16 is investigated. From  Fig. 5 , the codebook with beam adaptation has a limited effect of beam squint and is more robust over the large bandwidth compared to the codebook with dynamic approximation. On the other hand, the codebook with OMP using pure phase shifters experiences the most severe effect of beam squint, where the beam gain at the expected beamforming direction significantly decreases as a result of frequency mismatch. Therefore, the use of time-delay phase shifters is necessary for mmWave and sub-THz systems with large bandwidth to prevent performance degradation and improve system robustness. Furthermore, the degradation of the beam gain at 3π 16 for the low-complexity implementation as a function of the frequency deviation is plotted in Fig. 6 . We can see from Fig. 6 that, the performance degradation of the low-complexity implementation increases with the frequency deviation while it could provide a performance-and-complexity tradeoff within certain frequency range.
B. Beamforming Training Performance
In this subsection, we will evaluate the beamforming training performance using the multi-resolution time-delay codebooks. Specifically, the results are averaged over 10, 000 channel realizations.
We plot the the success rate and the overhead of the proposed multiuser hierarchical beamforming training with different codebooks as a function of the threshold ρ in Fig. 7 . Here, the success rate is the ratio of the number of successful detection of the dominant AoD/AoA and the total number of training, and the overhead is defined as the averaged number of scanned codewords for one user. The training power is set as P s = 10 dBm. In specific, the overhead of the exhaustive search based on the multi-resolution codebook is considered for comparison. As shown in Fig. 7(a) , the success rates increase with ρ first and then approach the limit when ρ > 0.3, which verifies the analysis in Section V. On the other hand, from Fig. 7(b) , the training overhead increases with ρ first and then becomes the same as that of the exhaustive search when ρ ≥ 0.7. Therefore, for 0.3 < ρ < 0.7, the proposed hierarchical beamforming training could effectively reduce the training overhead while providing guaranteed performance. Moreover, according to Fig. 7 , both the proposed time-delay codebooks outperform the codebook with OMP as a result of smaller fluctuations in beam gain. The codebook with dynamic approximation has slightly better performance than the codebook with beam adaptation since it has more balanced beam gain. Also, the overhead of the beamforming training using the codebook with dynamic approximation is relatively smaller than those of other two codebooks. Compared to the codebook with beam adaptation, the reduced training overhead of the codebook with OMP results from larger fluctuations in the beam gain, however, leads to a lower success rate. In addition, the low-complexity codebooks have almost the same performance as the original time-delay codebooks.
In Fig. 8 , we plot the success rate of the multiuser hierarchical beamforming training with different codebooks under different training power. In particular, ρ is set as 0.4. As shown in Fig. 8 , the success rates increase with the training power as expected and finally saturate. Similar to Fig. 7 , both the proposed time-delay codebooks show advantages over the codebook with OMP, and the codebook with dynamic approximation performs slightly better than the codebook with beam adaptation.
In summary, according to the simulation results, the codebook with beam adaptation is more robust over the large bandwidth while the codebook with dynamic approximation achieve a higher success rate of beamforming training. The reason is that the codebook with beam adaptation is directly built on physical-angle-defined time delay. Thus, it could capture the frequency-dependent phase shifts across the large bandwidth and ensure robustness. However, the codebook with dynamic approximation relies on the time-delay estimation Performance of the multiuser hierarchical beamforming training versus the scale factor ρ: (a) success rate; (b) training overhead. at the central frequency. As a result, it will have better performance at the central frequency and less stability over the bandwidth.
VII. CONCLUSION This paper has investigated mmWave and sub-THz communication systems with multiple antenna subarrays. To support effective communications over large bandwidth, time-delay phase shifters have been adopted in system design. By capturing channel characteristics as well as circuit hardware, we have developed a hierarchical beamforming training strategy with reduced overhead to extract the dominant channel information for multiple users simultaneously. Specifically, two multi-resolution time-delay codebooks with beam adaptation and dynamic approximation have been designed through subarray coordination to enhance beamforming training. Also, a low-complexity system implementation is studied. A few important results have been obtained through simulation. First, the codebook with beam adaptation is more robust to beam squint over large bandwidth while the codebook with dynamic approximation offers more balanced beam gain across the beam coverage. Second, the low-complexity implementation could effectively provide a moderate solution for a performance-complexity tradeoff. Last but not least, the proposed multiuser hierarchical beamforming training strategy This work has aimed at the beamforming training design for array-of-subarray architecture with ULA. It can be extended to other array configurations, such as uniform planar array (UPA) and uniform circular array (UCA), in future work. Also, the impact of the impairment of time-delay phase shifters can be further investigated.
